Abstract An integrated approach was performed on the soil, plant-crops and groundwater system at the Thiva basin, to evaluate the extent and intensity of the heavy metal contamination, the percentage of metals transferred into plants/crops (bio-accumulation) and the potential sources of contamination.
Introduction
During recent decades an increasing research interest has been focused to the heavy metal contamination, due to their toxicity to plants and organisms. Transition metals exist in different oxidation states due to the presence of empty 'd' orbitals in transition metal ions, and form various species in solution (Reddy et al., 1997) . Chromium occurs in nature as trivalent [Cr(III) ] being an essential element in human and animal physiology and as hexavalent [Cr(VI)] which is a mobile contaminant entering the cells, extremely toxic, carcinogen (Yassi and Nieboer, 1988; Anderson, 1989; ATSDR, 2002) . Soluble Cr(VI)-compounds are toxic when inhaled, in particular in large doses, and dangerous to health when they come in contact with the skin. Mechanisms of Cr(VI) induced carcinogenesis have been widely investigated (Anderson, 1997; Stoecker, 2004) . Excessive doses of Cr may result in liver and kidney failure, anaemia, dermal allergy, asthma, lung and possible stomach cancer (ATSDR, 2002) .
Toxic effects in humans, and occupational exposure limits (OELs) for Cr(VI) have been reported by Cross et al. (1997) . The U.S. Environmental Protection Agency (USEPA) regulates chromium releases into the environment. The Occupational Safety and Health Administration (OSHA) regulates workplace exposure. Chromium regulations from the European Union (including France, Italy, U.K., and Germany), Japan, S. Africa, and U.S. have established permissible exposure limits for air, dust, wastewater, drinking water, soil and waste. Directive 98/83/EC has established a maximum permissible limit of total chromium in drinking water, 50 mg/L or ppb, like that by World Health Organization (Fantoni et al., 2002; Becquer et al., 2003; Oze et al., 2007) .
In Greece, the contamination by chromium may be resulted by industrial activity, since [Cr(VI)] is the major chromium species used in industrial processes, such as iron and steel production, chrome plating, leather tanning, wood processing, and so on (Salunkhe et al., 1998) , and/or by natural processes related to ultramafic sequences of ophiolite complexes associated Fe-Ni deposits, extending from the Mirdita e sub-Pelagonian and Pelagonian geotectonic zones to central Greece (Albandakis, 1980; Valeton et al., 1987; Eliopoulos and EconomouEliopoulos, 2000) .
Since 1969 the Assopos river (Greece) has been proclaimed a "processed industrial waste receiver". Although the control of the chromium content in the industrial wastes is a requirement in the Assopos and Thiva basins, recently it was well known from the impact of groundwater by Cr(VI), due to intense industrial activity at this area, which may be discharged into the environment (Figs. 1 and 2). In addition, chromite grains, Cr-bearing goethite and silicates are present in the soils, derived from the neighbouring ophiolitic rocks and Ni-laterite deposits (Valeton et al., 1987; Eliopoulos and Economou-Eliopoulos, 2000; Antivachi, 2010 ; 
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Economou- Eliopoulos et al., 2011) . The contamination of soil and water in irrigation wells is probably transferred into crops, and in turn in the human food-chain. Thus, the contamination by Cr(VI) of soil and groundwater is a crucial environmental problem for all of societies consuming the plants/crops and the agricultural economy. The effective influence of industry versus ultramafic rocks by natural processes is often a subject of debate. In the present study an integrated approach on the Thiva basin has focused on food plants, since they are essential micronutrient in human metabolic processes, soil and groundwater to define (1) the extent and intensity of the contamination, (2) the oxidation state of chromium and its bio-accumulation, (3) relationships between the Cr content in soil and the percentage transferred into the plants/ crops, and furthermore the percentage of Cr(VI) transferred in bulb type crops (onions, carrots, potatoes) and (4) sources of contamination, in an attempt to define controlling factors for the heavy metal accumulation, its restriction and ensure sustainability without degradation of their productivity.
Geotectonic and hydrologic outline of the Thiva valley
The Neogene Assopos basin, crossed by the Assopos river, is mainly composed of Tertiary and Quaternary sediments, of more than 400 m thickness and an expansion of approximately 700 km 2 at the Assopos basin and 150 km 2 in the Thiva one. The actual morphotectonic structure and evolution of this basin are the result of several normal faults striking E-W to WNW-ESE, covering a zone of approximately 500 m, during a long time period (Pliocene to present time). The deformation of the whole region can be distinguished to the alpine one characterized by folds, reverse faults and thrust faults, and the post-alpine or neotectonic one, characterized by brittle type of deformation (fault zones, faults), which has affected both alpine and post-alpine formations. Thus, the neotectonic deformation has caused the formation of the basins of Assopos and Thiva (Papanikolaou et al., 1988; Chatoupis and Fountoulis, 2004) .
The Thiva valley located northern of the Assopos basin, is composed by alternations of marls and marl limestones at the lowest parts, and continental sediments consisting of conglomerates (pebbles derived from carbonates, basic and ultramafic rocks) with small intercalations of marl, marly limestone, metaclastic schist, sandstone, clays and flysch, at the uppermost horizons. Sharp tectonic contacts between sediment types, due to the intense neotectonic deformation, is a characteristic feature of the whole area (Chatoupis and Fountoulis, 2004; Antivachi, 2010) . Peridotites overthrusted on the TriassiceJurassic carbonates with a maximum visible thickness 200 m, are dismembered parts of ophiolite complexes dominated towards central and northern parts of Greece. They are highly melt-depleted mantle harzburgite, and to a lesser extent lherzolite, dunite and crustal magmatic rocks, which are, parent rocks of Ni-laterite deposits (Valeton et al., 1987; Eliopoulos and Economou-Eliopoulos, 2000) .
Large area covering by Quaternary sediments in the Thiva valley, is characterized by the presence of two types of aquifer, although due to the intense fracturing (Neogene tectonism) the change of the direction of the groundwater flow is common: (1) neogene aquifers composed by conglomerates, sandstones and marly limestone, to a depth approximately 200 m, and (2) a deeper karst-type aquifer, dominated to the northern part, which is considered to be the main supplier of the Yliki lake (Antivachi, 2010) .
Samples and methods of investigation
More than 50 soil samples were collected from some cultivated sites of the Thiva basin outlined by the areas of Mouriki, Eleonas, Ypato and Charaidini (Fig. 2) . Representative soil samples were collected from the rhizosphere of plants (October 2010) from a maximum depth of approximately 20 cm in order to investigate probable relationship between element contents in plants and soil chemistry. Special attention has paid on carrots, potatoes and onions. In addition, two soil samples and corresponding plants were collected from an area of Attica (Hollargos) without any type of contamination after a recent fire, in order to see the fire impact to the Cr(VI) content.
Soils were air dried, crumbled mechanically and then passed through a sieve with a 2 mm mesh. Samples containing large stones or clods were first sieved on a 10 mm mesh and then a 5 mm mesh. The separated fraction with a grain size lower than 2 mm were pulverized and used for analysis. The elements Cr, Ni, Co, Mn, Cd, Cu, Pb, Fe, Mg, Zn, As, Ba, Hg, Sb, Se, Ti, Ca, P, Na, K and Al were analyzed by Inductively Coupled Plasma Mass Spectroscopy (ICP/MS) after Aqua Regia Digestion. The detection limit of the method was 0.1 ppm for the elements Cu, Pb, Ni, Co, Cd and Sb, 0.5 ppm for As, 1 ppm for Cr, Mn, Zn and Ba, 0.01% for w(Fe), w(Ca), w(Mg), w(Al) and w(K), 0.001% for w(P), w(Ti) and w(Na). The results of standard (STD) analysis are given at the end of Table 1a and 1b.
Also, plant samples were analyzed after cleaning and drying at 70 C. They powdered in an agate mortar and analyzed by Inductively Coupled Plasma Mass Spectroscopy (ICP/MS), after Aqua Regia Digestion, at the ACME Analytical Laboratories in Canada. The detection limit of the method was 1 ppm for Mn, 0.5 ppm for Se, 0.1 ppm for the elements Cr, Ni, Co, Zn, Cu, As, Sb and Ba, 0.01 ppm for Cu, Pb, Hg and Cd, 0.01% for w(Ca), w(Al), w(Ti) and w(K), and 0.001% for w(P), w(Na), w(Mg) and w(Fe). Reference material results are given at the end of Table 3 . Microsoft Office XP professional was used for statistics. Hexavalent chromium in the soil and plant samples was measured after extraction by a concentrated alkaline extracting solution prepared by HACH Hexavalent Chromium Soil Extractant Powder Pillows, (HACK Cat. No. 24497-99-reagent, for the Method 10051, for DR/4000 procedures). This method is analogue to the EPA 3060A method.
The mineralogical composition of soil was investigated by optical microscopy, X-ray diffraction and phase mineral analysis. XRD data were obtained using a Siemens Model 5005 X-ray diffractometer, Cu Ka radiation at 40 kV, 40 nA, 0.020 step size and 1.0 s step time. The XRD patterns were evaluated using the EVA 2.2 program of the Siemens DIFFRAC and the D5005 software package.
Polished sections prepared from soil, after carbon coating were examined by reflected light microscopy and scanning electron microscope (SEM) and Energy Dispersive Spectroscopy (EDS) analysis. Microprobe analyses and SEM images were carried out at the University of Athens, Department of Geology and Geoenvironmemt, using a JEOL JSM 5600 scanning electron microscope, equipped with automated energy dispersive analysis system ISIS 300 OXFORD, with the following operating conditions: accelerating voltage 20 kV, beam current 0.5 nA, time of measurement 50 s and beam diameter 1e2 mm. The spectra were processed using the ZAF program (3 iterations).
Groundwater samples were collected from 15 domestic and irrigation wells covering the whole Thiva basin (November 2007, repeated in October 2008 and October 2010) and were analyzed for Cr total , Cr(VI), Mg, Ca, Na, Si and B. Hexavalent chromium determined colorimetrically within 24 h following the 1,5-diphenyl carbohydrazide method, using a HACH DR/4000 spectrophotometer (American Public Health Association et al., 1989) . The concentration of Cr(VI) in a few samples was checked after a few days and no difference was observed. The estimated detection limit of the method was determined at 4 mg/L. The physical and chemical parameters of the water samples [pH, Eh, CND (conductivity), TDS (total dissolved solids)] were measured using a portable Consort 561 Multiparameter Analyzer. The analyses of total chromium were performed by GFAAS (Perkin Elmer 1100B) and the estimated detection limit of the method was determined at 1 mg/L. Other elements were analyzed, in the acidified portion of the samples, by Inductively Coupled Plasma Mass Spectroscopy (ICP/MS) at the ACME Analytical Laboratories in Canada.
The organic matter content was calculated as the difference between the initial and final sample weights divided by the initial sample weight times 100%. All weights were corrected for moisture content prior to organic matter content calculation (Nelson and Sommers, 1996; ASTM, 2000) .
Soil pH was determined by a pH metre in a ratio of soil to deionized water being 1:2.5 (w/v), using a portable Consort 561 Multiparameter Analyzer.
Results

Geochemistry of soils and Cr-host minerals
The results of the analysis of more than 50 soil samples covering the Thiva valley ( Fig. 2 ) are presented in Table 1a and 1b. It is obvious that heavy metal contents in Cd, Hg, Pb and the metalloid As are very low whilst a significant enrichment in Cr, Ni, Mn, Co and Fe was recorded, as compared to the range of world mean values in surface soils (Kabata-Pendias and Pendias, 2000; China's regulation GB 15618-1995; GB2762-2005 Bugang, 2010; Puckett et al., 1995 and references herein) . Average values ranging from 230 to 310 ppm Cr (except one sample reaching the value of 800 ppm Cr), 1200e2200 ppm Ni, 23e110 ppm Co, 880e1150 ppm Mn and 4.45%e6.62% w(Fe) in the Thiva soils are higher than those in the Assopos soils (average 150 ppm Cr, 340 ppm Ni, 810 ppm Mn, 30 ppm Co and 2.78% w(Fe)) (Table 1a and 1b; Antivachi, 2010; Economou-Eliopoulos et al., 2011) and lower than soils from Euboia, in the vicinity with ophiolites and/or Fe-Ni-laterite deposits (Megremi, 2009 ). The w(TOC) (organic matter) in soil samples ranges from 3.40% to 4.22% (average 3.40%) and pH from 7.5 to 8.5 (average 8.1) (Table 1a and 1b). Although any significant correlation between Cr and other elements was not recorded, except that of Cr-Fe (r Z 0.66; Table 2 ) there is a geographical discrimination, as is exemplified by the distributions for Cr, Ni and Fe (Figs. 3e5 ) and the plotting of Co, Fe, Mn, Cr and Mg versus Ni (Fig. 6) . A spatial variation of these metals, with an increasing trend from the Assopos basin throughout the Thiva-Charaidini and Ypato to the area of Mouriki is clear. A portion of the soil samples around the city of Thiva, including the area of Charaidini (Fig. 2) exhibit the highest Mg contents whilst in the area of Mouriki some samples (Fig. 7) . A portion of the chromium in soils from the Thiva basin is hosted in chromite grains or fragments, Cr-bearing goethite and silicates transported as residual component inherited from the ophiolitic parent rocks and Ni-laterite deposits, as well as secondary minerals formed by epigenetic processes. Any of these minerals are potential sources for Cr in soils contained material derived by the weathering of ophiolites. The larger grain size and the angular form of the chromite grains in the soils from the Thiva basin (Fig. 7) compared to those from the Assopos to south seem to be in agreement with a shorter distance of transportation from ultramafic rocks and laterite deposits in the vicinity, northern to the Thiva basin, like those at Akrefnio ( Fig. 1 ; Valeton et al., 1987) . Representative images by SEM/EDS investigation ( Fig. 7) are in a good agreement with their bulk soil composition (Table 1a and 1b) suggesting that the area of Mouriki (sample TH-M8) is dominated by chromite, whilst the soil around the town Thiva (sample TH41) is dominated by fragments of serpentinite. The soil organic matter including the biomass, nonliving, plant residues, and humus ranges from 3.06 wt.% to 4.43 wt.% (average 3.80 AE 0.38) in the Thiva basin. Microorganisms, with various morphological forms, mostly as filament-like and occasionally spherical to lenticular bacteria are common.
Trace element contents in plants
The dry weight Cr content ranges from 1.9 to 4.1 ppm (average 2.2) in carrots, from 1.7 to 4.1 ppm in potatoes (average 2.2) and from 2.1 to 4.6 ppm (average 3.8) in onions (Table 3) . It is remarkable that calculated Cr contents dry weight from wet weight values given by the Ministry of Agricultural development of Greece (February 2011) for carrots, potatoes and onions and other plants, such as lettuce, cabbage, leek, spinach, celery and mint given by the Ministry of Agricultural development on wet weight, are in good agreement with these of present study, with exception one sample of spinach showed elevated (12 ppm) of Cr and Ni (Table 3 ). In plants, there is a very good correlation between Cr and Fe, Mn, and a good correlation with P and S, while Ni is very well correlated (r > 0.80) with P and S and well (r > 0.60) with Fe and Mn (Table 4) . Hexavalent chromium ranges from 0.11 to 0.21 ppm (average 0.20 AE 0.06) ( Table 3 ). The percentage of soil Cr, Ni, Mn and Fe in plants [(% metals in plants Â 100)/metal in soil] relatively small, ranging between 0.97% and 0.17%, whilst it is much higher, 28% and 43% for Cu and Zn, respectively. The percentage for Cr(VI) ranges between 0.06% and 1.0% (Table 5) . Representative plant samples, along with the corresponding soil samples collected from the area of Hollargos (Attica), away from any type of contamination by either industrial or mining activities, which have been affected by a fire recently (2008) and an tree-ash sample are given as well (Table 6 ). The Cr, Ni, Mn and Fe contents in these soil and plants and their percentage of soil metals in plants have not substantially affected by the contained small (approximately 2%) of ash, whilst the ash sample exhibits a significant enrichment in all these elements. 
Trace element concentrations in groundwater
Groundwater samples coming from deep (>120 m) domestic and irrigation wells throughout the Thiva basin ( Fig. 1) , collected during October 2007 (dry period), exhibit relatively low (8e37 ppb) concentrations in Cr and smaller variation (Table 7) , in comparison to the Assopos basin and central Euboea (Vasilatos et al., 2008; Megremi, 2009) . Moreover, within the Thiva basin the Cr concentration recorded at the Mouriki area are lower (average 11 ppb) compared to those at Ypato-Eleonas (average 32 ppb) and Thiva-Charaidini (average 26 ppb). The range of pH (7.12e8.09) and Eh (À78 to À22 mV) measurements of the groundwater indicate alkaline and almost neutral redox conditions. The natural waters from the Thiva valley exhibit relative low Cr, Na and B values, whilst groundwater from the Avlida area is commonly subsaline (Table 1a and 1b), due probably to sea-water contribution to the aquifer near the coastline. Since Ca, Mg, Na, Si and B are major components in water, rocks and sea-water (Table  7) , the plots of Cr versus Mg/Ca, Mg/Na versus Ca/Na and B versus Si/(Si þ Na) ratios are given (Figs. 8e10) , which may provide evidence for the role of the water-rock interaction and the degree of the sea-water contribution into the groundwater aquifer (salinization). In addition, the plot of the Mg/Si versus Ca/Si ratios (Fig. 11) , the Mg/Si ratio in the ThivaeAssopos basins exhibit much higher values than those (approximately 3) affected by ophiolites and/or the values obtained after water-extraction of serpentinized peridotites (Megremi, 2010) .
Discussion
The potential sources of elevated heavy metal contents in soils and groundwater by Cr(VI) may be related to (1) the human activities, which increases with increasing population and production to meet the needs, (2) natural processes associated with Ni-laterites exploitation and ultramafic rocks, which in the Thiva basin are higher than those in the Assopos basin and lower than soils from Euboia (Table 1a and 1b; Megremi, 2009; EconomouEliopoulos et al., 2011) and widespread in an international scale (Demetriades et al., 2008) , and (3) compost used for the crops (Arnold et al., 1988; Daulton et al., 2001; Smith, 2009; Stock, 2009) . In addition, a potential source for Cr(VI) are considered to be plants ashes due to the oxidation of Cr(III) to Cr(VI) by atmospheric oxygen at high temperatures and elevated pH (8e11) after bushfires (Mabasa, 2007) . The latter case may be suggested by the Cr, Ni, Mn and Fe contents in soil and plants from an uncontaminated (Hollargos) area, after fire and their percentage of soil metals in plants have not substantially affected by the contained small portion (approximately 2%) of ash. Also, an ash sample showed a significant enrichment in all these elements (Table 6 ).
Spatial variation of heavy metal in soil and groundwater in the Thiva and Assopos basins
The elevated Cr, Ni and Fe contents in soils of the Thiva valley (Table 1a and 
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9 of Co, Mn, Fe, Cr and Mg versus Ni (major components of ophiolites and Ni-laterites) (Fig. 6 ) may provide significant evidence for the source of the heavy metal contamination in soils of the Thiva and Assopos basins. The spatial distribution of the metals show an increasing trend in Ni, Co, Fe and Mn from the Assopos basin towards the northern parts of the Thiva basin (Mouriki) and a roughly geographical discrimination of localities within Thiva basin itself point to a source for these heavy metals in soils mostly from the Ni-laterites and ophiolites, which are found in a close proximity, such as the Akrefnio ones ( Fig. 1 ; Valeton et al., 1987) . In addition, the presence of abundant chromite and serpentinite fragments in soils with a decreasing size from the area of Mouriki towards the Assopos basin ( Fig. 7 ; Economou- Eliopoulos et al., 2011) are consistent with transportation of the weathering material from the neighbouring ophiolitic rocks and Ni-laterites deposits into the soils and the corresponding plants, which has been facilitated by local topography (Figs. 3e5) .
On the other hand, on basis of the plots of Cr versus Mg/Ca, Mg/Na versus Ca/Na and B versus Si/(Si þ Na) ratios (Figs. 8e10) groundwater collected from the Thiva valley, during a dry period, show relative low Cr, Na and B values. Assuming that the chemical composition of the water provides evidence for the type of the rocks interactive with and the degree of the seawater contribution into the groundwater aquifer, these characteristics indicate that the lowest degree of salinization (for the period of the sample collection) was that at the Thiva basin, the highest at Avlida area (Figs. 9 and 10) .
With respect to the origin of Cr from ophiolites the interaction between water and ultramafic rocks has been well established on the basis of a good positive correlation between Cr and Mg, Si (Lottermoser, 1997; Schlegel and Pfeifer, 1999; Fantoni et al., 2002; Megremi, 2009 Megremi, , 2010 . The very good positive correlation between Cr total and Cr(VI) (r > 0.95) in groundwater (Fantoni et al., 2002; Megremi, 2009) suggests that the solubility of Cr and its speciation have been influenced by the same processes (Sass and Rai, 1987) . Due to the absence of anthropogenic Cr sources, Fantoni et al (2002) relatively high Cr(VI) concentrations (5e73 ppb) in groundwater have been attributed to the associated serpentinized ultramafic ophiolites. Also, sequential chemical extraction of serpentinized peridotites and dunites have shown significant natural enrichment and that the Cr available for leaching was about 1% of the total content of that in serpentinites (Lottermoser, 1997; Schlegel and Pfeifer, 1999; Fantoni et al., 2002; Oze et al., 2007) . Preliminary results of a long time (1 week) water-extraction from serpentinized peridotites indicated that the Mg/Si ratio is approximately 3 (Megremi, 2010 and unpub. Data) .
In natural systems, Cr(VI) is rapidly reduced to Cr(III) when ferrous iron (Fe-II) or manganese (Mn-II) are present in chemically-reduced groundwater (Sedlak and Chan, 1997; Fantoni et al., 2002; Oze et al., 2007) . Thus, the lower Cr concentration in wells of Mouriki compared to other localities of the Thiva basin may be related to the neighbouring Ni-laterites (Fig. 1) , which is not a favourable environment for oxidation, due to the presence of ferrous iron. In general, the spatial variability of elevated Cr concentrations in the studied wells throughout the Thiva and Assopos basins, in particular the lack of any systematic relationship between Cr and Mg concentrations in water (Fig. 8) and the wide variation of the Mg/Si ratio (Fig. 11) suggest that a major contribution to the Cr contamination of the aquifer is mainly related to anthropogenic activities and to a lesser extent by natural processes.
Bio-accumulation of heavy metals
Bratakos et al. (2002) investigated chromium content of selected Greek foods and concluded that meat, fish, seafood, cereals and pulses were rich sources of chromium (>0.100 mg/g). The heavy metal contents in plants or transfer factor, e.g. the ratio of metal content in plants relative to the total metal concentration in the soil, depending on the amount of metal in the soil and their mobility, is affected by physical/chemical parameters (pH, Eh), concentrations of completing ions, moisture, penetrability, presence of oxyhydroxides of Fe, Mn and Al, carbonate minerals organic matter content and microbial activity (Liesack, et al., 2000; Shanker et al., 2005) . Since the Cr concentration in the Thiva wells is low (Tables 1a, 1b , 3 and 7) the heavy metal contents in the soil-crop plant-water system the contamination of plants is related to that in soils rather than in water. The percentage of soil metals Cr total , Cr(VI), Ni, Mn and Fe in carrots, potatoes and onions from the Thiva valley ranges between 0.06 and 3.2 (average 0.53 AE 0.4) whilst that for Cu and Zn ranges from 16 to 81 (average 36 AE 24) ( Table 5 ). There is a similarity in carrots, potatoes and onions in terms of (1) their relatively low percentage of soil Cr total , Cr(VI), Ni, Mn and Fe contents, and (2) their geo-bio-chemical behaviour, as is exemplified by the good positive correlation between Cr and Ni (r Z 0.74) and the very good correlations between Cr and Mn, Fe (r > 0.9), in contrast to the lack of any correlation between Cr and Zn and Cu in Table 3 . Chromium enters plants by complexation with organic compounds, which increase the solubility and mobility of Cr through the root xylem (Bluskov et al., 2005; Shanker et al., 2005) . The highest percent of chromium nitrate type compounds suggests that plants with high capability of chromium accumulation can contribute Cr to the food-chain as trivalent Cr (Peralta-Videa et al., 2009 ). On the other hand, the relatively low Cr transfer to plants is consistent with the high resistance of chromite (that is major Cr-host in the Thiva basin) to weathering. Crystal field stabilization energies, which is a measure of the energy gained by a metal ion's nonbonding d electrons as a result of complex formation, and the octahedral site preference energy parameters provide a mean to explain the incongruent dissolution or Cr preservation in the Crspinels. The values for these measures are the most negative for any transition element and indicate that the presence of Cr(III) in an oxide increases the crystal's stability (Dunitz and Orgel, 1957; McClure, 1957) . Also, it is well known that under reducing conditions, Cr(III) is thermodynamically stable and it is strongly adsorbed by iron oxides and clay minerals, whilst under oxidizing conditions (presence of various electron acceptors) Cr(VI) is thermodynamically stable and soluble (Sass and Rai, 1987) . Also, the available thermodynamic data, calculated on the basis of stability of chromite and goethite by Navrotsky et al. (2008) reflecting the higher resistance of Cr in the chromite lattice than that of the absorbed Cr on goethite may support the relatively low Cr percentage of the bio-accumulation at the Thiva basin (Table 6) . Although permeable limits for Cr, Ni, Zn and Cu are lacking (EU 1881 (EU /2006 , the determined Cr contents in plant-crops in the Thiva basin (Table 3 ) are higher than normal or sufficient values (0.1e0.5 ppm Cr) in plants ( Kabata-Pendias and Pendias, 2000; China's regulation GB 15618-1995; GB2762-2005 . However, the crucial question how to keep toxicity to a minimum for the lifecycle still remains unclear (Shanker et al., 2009 ). 
Plant-crops grown on compost-treated soil: opportunities and risk
The concept of recycling organic matter back to agricultural land represents a cost-effective method for cheap source of organic matter and fertilizer elements for landowners (Petruzzelli et al., 1989; Chukwujindu, et al., 2006; Nouri et al., 2008) . However, uptake of Cr by crop plants is a concern with regard to the human food-chain, which is protected by the soil-plant barrier (Williams et al., 1987; He et al., 1992; Chukwuji et al., 2005) . The long-term accumulation of heavy metals in the soils may potentially has important consequences for the quality of the human food-chain, toxicity to plants and soil microbial processes and once applied they have very long residence times in soil (Chaney and Ryan, 1993) . Crops grown on compost-treated soil accumulated lower heavy metal contents. However, the complexity of the interactions between soil and compost properties that determine the behaviour and bioavailability of heavy metals, emphasise the need for the careful management and control of experimental conditions designed to elucidate the specific factors governing metal uptake in compost and sludge-amended systems, such as pH (Chu and Wong, 1987; Crecchio et al., 2004) . Hamdi et al. (2003) in the top 20 cm of an agricultural soil investigated the metal distribution in soil and plants using solid waste compost, during a 4-year period. They concluded that Cr and Ni were less mobile compared to Cu and Zn, an increase of the transfer coefficients with increasing level of compost in soil, and their accumulation essentially in root tissues. Thus, the pH measurements, ranging from 7.5 to 8.5 in the Thiva soils (Table 1a and 1b), facilitate the transfer of chromium into the roots of plants. However, the experimental data on the kinetics of the main redox reactions affecting the cycle of chromium in natural waters are limited (Saleh et al., 1989) . A systematic study of Cr solubility in contact with organic acids by Remoundaki et al. (2007) resulted a progressive increase of Cr(III) solubility when the relative abundance of organic molecule to Cr(III) exceeds 10, indicating that the existence of a threshold above which the solubility of Cr(III) increases significantly. They emphasized that it is necessary to keep this relative abundance to a ratio lower than 10 in order to sequester Cr(III) from the water stream via formation of insoluble precipitates.
Recently, environmental policies aim to increase recycling biodegradable wastes and composts to land, whilst at the same time prevent inputs of contaminants entering the soil. Smith (2009) in his critical review of the bioavailability and impacts of heavy metals in municipal solid waste composts and sewage sludge discussed the European Waste Framework of Directive and development of associated "end-of-waste" criteria for compost and related product protocols and the development of policies to protect soil quality and the environment (WRAP/EA, 2007).
The small variation of the ratio metal content in plant/metal content in soils from the Thiva basin (Table 5 ) reflects a positive Figure 8 Variation of the Cr total (in ppb) versus Mg/Ca ratios in the groundwater wells from the Thiva basin. Although any systematic variation is not obvious, it is clear that Cr level in the Thiva basin is lower compared to the majority of the Assopos basin, including the Avlida area. Data: present study; Vasilatos et al., 2008; Giannoulopoulos, 2009; Moraki, 2010 . Figure 9 Variation of the Mg/Na versus Ca/Na ratios in the groundwater wells from the Thiva basin, including the Mavrosouvala karst-type wells and the sea-water from the Euboic gulf. Data: present study; Vasilatos et al., 2008; Giannoulopoulos, 2009 . Figure 10 Variation of the B (ppm) versus Si/(Si þ Na) ratio in the groundwater wells from the Thiva basin, Assopos basin including the Avlida area. Data: present study; Vasilatos et al., 2008; Giannoulopoulos, 2009; Moraki, 2010 . Figure 11 Variation of the Mg/Si versus Ca/Si ratios in the groundwater wells from the Thiva basin, including the Mavrosouvala (M) karst-type wells and the Assopos basin. Data: present study; Vasilatos et al., 2008; Giannoulopoulos, 2009. correlation between Cr, Fe, Mn and Ni contents in soils and plants, suggesting that the potential risk to plant, animal or human health depends on the metal contents into soils and probably the additives (compost). The abundance of organic matter (Table 1a and 1b) and filament-like micro-organisms in the Thiva basin may play a significant role in several oxidation-reduction reactions, including the reduction of Cr(VI) to Cr(III). In general, microorganisms obtain their energy for metabolism by participating in redox reactions (Stock, 2009 ). The effect of various electron donors and acceptors on chromate reduction in nature has been investigated (Arnold et al., 1988; Daulton et al., 2001; Stock, 2009; Smith, 2009 and references therein). More specifically, microbial reduction of Cr(VI) can be explained by either (1) direct enzymatic reduction, e.g. by soluble enzyme system or the membrane-bound system. Direct contact between cells and the metal oxide is required for the energy conservation process. (2) indirect reduction refers to the reduction of Cr(VI) mainly by conditions provided by bacterial source such as the redox potential, or the bacterial metabolites. However, since anything that is added to the soil can increase the metal contents in the soil, the amount of additives used should meet the crops nutrient needs, e.g. the lowest metal contents and/or compost of only organic raw materials with a low level of potential contaminants.
Conclusions
The composition of soil, plant and groundwater samples coupled with geological, geo-chemical and phase mineral (Cr-hosts) data from the Thiva and Assopos basins, leads to the following conclusions:
(1) The heavy metal contents in the soil samples from the Thiva basin, ranging from 230 to 310 Cr (mostly hosted in chromite), 1200e2200 Ni, 50e80 Co, 880e1150 Mn and 44, 500e66, 200 Fe (all in ppm) suggest that the soil contamination is affected by the erosion of ophiolites and Ni-laterites. (2) The increasing trend in the heavy metal contents, from the Assopos to the Thiva basin (Mouriki area), combined with local topography indicate that the metal source in soils are the Ni-laterites and ophiolites, located towards north. (3) The groundwater samples from domestic and irrigation wells throughout the Thiva basin exhibit relatively low (8e37 ppb) Cr concentrations and much lower degree of salinization than those in the Assopos (Avlida area) basin. (4) The low Cr concentrations (average 23 ppb, during dry period) in the Thiva wells may be related with their depth (>120 m), in contrast to several shallow wells in the central Euboea, reaching values in the order of hundreds ppb Cr, and point to a solution of a crucial environmental problem in Euboea and Assopos basin by using the deep karst-type aquifer instead the shallow-Neogene one. (5) The average Cr contents (dry weight) ranging from 1.7 to 4.6 ppm (average 2.2) in carrots, potatoes and onions from the Thiva basin are higher than normal or sufficient values. (6) The Cr(VI) in plants is relatively low, ranging from 0.11 to 0.21 ppm (average 0.20 AE 0.06), while its percentage of soil Cr ranges between 0.06% and 1.0%.
